INTRODUCTION
South Korea experienced heavy record rainfall in June and July 2011. Consequently, 150 small and large landslides occurred in 13 villages near Mt. Umyeonsan, resulting in 16 fatalities and extensive damage to houses, roads and other properties. The catastrophic incidents significantly impacted on the society because the mountain is located in the central part of Seoul, Korea. In this paper, a comprehensive case study on the 2011 Umyeonsan (Mt.) landslides was highlighted. Field and laboratory investigations were performed immediately after the landslides. A coupled hydro-mechanical finite element model was used to clarify the failure mechanism of unsaturated soil slopes under extreme-rainfall. This model is capable of solving stress-strain problems for deformable soil and water flow in porous media. The critical slip surface corresponding to the minimum factor of safety was evaluated to investigate the instability of unsaturated soil slopes. For comparison purpose a limit equilibrium analysis was also performed to evaluate the desired factor of safety and critical slip surface.
LANDSLIDE ANALYSIS METHOD

Mathematical framework
For a three-phase soil mixture composed of solid skeleton, pore water, and pore air, governing equations and constitutive equations for an unsaturated soil are written as (Kim, 2010) (3) where, σ is the total stress tensor, ' σ is the effective stress tensor,  ( 
where w k is the unsaturated permeability and wR  is the real mass density of water.
The permeability of water is assumed to vary with the degree of saturation and porosity according to the following relationships:
The 15th Asian Regional Conference on Soil Mechanics and Geotechnical Engineering KOR-07 (6) where  is the intrinsic permeability of the porous skeleton that varies with porosity, rw k is the relative permeability of the pore water, l is the pore geometry parameter for length, and w  is the dynamic water velocity. The ) ( n  function is referred to as the Kozeny-Carman formula (Coussy, 2011).
Modified Drucker-Prager model
To develop a reliable elasto-plastic constitutive model for colluvial soils, a new constitutive model is derived from the classical Drucker-Prager model by considering unsaturated conditions and hydromechanical coupled constitutive framework. One advantage of the Drucker-Prager model for solving geotechnical problems is its mathematical compactness. The other advantage is convenient for evaluating the input parameters.
The elasto-plastic behavior of a solid mixture is described by the following yield criterion, which is called modified Drucker-Prager model: (7) where s is the deviatoric stress (boldfaced symbol), p is the mean effective stress, c is the effective cohesion,  is the effective friction angle,  
Calculation of factor of safety
To determine the minimum factor of safety at each gauss point for all elements, the global factor of safety 
where  is the length of the slip surface, f  and i  are, respectively, the shear strength and the mobilized shear stress at the corresponding points of the slip surface.
where n   is the net normal effective stress on the slip surface;
b  is an angle that defines the increase in shear strength for an increase in matric suction;  is the angle of the slip surface to the horizontal plane; and x  , y  , and xy  are the stresses on the slope mesh.
These stresses are computed using the elasto-plastic modified Drucker-Prager model. The minimum local factor of safety determines the critical slip surface that can be predicted as a noncircular curve along the potential failure surface.
STUDY AREA
The study area of Mt. Umyeonsan is located in the central part of Seoul, Korea. This site is positioned at latitude of 37°28'2"N and longitude of 127°0'25"E with an elevation of approximately 50 to 312.6 m above sea level. Mt. Umyeonsan is basically composed of steep hills, gullies, and valleys and is topographically characterized by pre-Cambrian metamorphic gneiss associated with the Gyeonggi massif. The majority of the mountain area consists of lacustrine biotite gneiss, which is intensely weathered and decomposed.
In this area, small landslides and debris flows frequently occur during the rainy season. Two typhoons, i.e., Typhoon Meari (June 22 to June 27) and Typhoon Muifa (July 28 to August 9), struck the Mt. Umyeonsan area in 2011. When the rainfall from these typhoons exceeded the average rainfall, the most catastrophic recorded landslides and debris flows occurred on Mt. Umyeonsan on July 27, 2011 because Mt. Umyeonsan is encircled by buildings, roads, and residential areas. Aerial photography was used to examine the locations, number and characteristics of the landslides. Topographic maps and a global positioning system (GPS) were used to establish the topography of the debris flows. Geodetic data were used to construct a digital elevation model (DEM) and a morphological information, such as the length, channel gradients, and the features at the landslide initiation areas. Fig. 3 illustrates 33 debris flows with 151 landslides in 20 watersheds. The majority of the debris flows streamed downwards to the valley, while the majority of landslides were concentrated on the upper portion of the mountain due to its high slope angle. Among the 20 watersheds, two watersheds (Raemian and Dukwooam) were selected to evaluate slope instability and failure mechanisms. 
EXPERIMENTS
A comprehensive field and laboratory investigation was performed to obtain hydrogeological and geotechnical information from the near-surface deposits. All laboratory tests complied with the American Society of Testing Materials (ASTM) standards. Fig. 4 shows the location of the boreholes and the test pits in the Raemian watershed. The soil profiles show different strata and depths (6~10 m), and the predominant stratum in the slope consists of colluvium. The sedimentary and weathered soil layers are occasionally interlayered with thin layers. In addition, weathered and soft rock existed in the bottom layer of the slope. The geotechnical properties of the colluvial deposits are summarized in Table 1 .
To obtain the SWCC of the colluvial deposit, Geotechnical Consulting and Testing Systems (GCTS) pressure plate extractor tests (Pham and Fredlund, 2004) and filter paper tests were performed. The results and curve fitting parameters are shown in Fig. 5 . According to the Unified Soil Classification System (USCS), the colluvial deposit can be classified as CL-SC. The test results show a high air-entry value and higher saturated and residual volumetric water contents. The permeability function for unsaturated soil was estimated from the saturated permeability and the SWCC. 
Rainfall intensity, mm/hr
Cumulative rainfall, mm To better understand the hydraulic characteristics, the matric suction was monitored with a jet-fill tensiometer from June 29 to July 27, 2012. A total of 18 tensiometers were installed (T1-T6) adjacent to the debris flow gullies in different locations, as shown in Fig. 4 . At each location, three tensiometers were embedded within the colluvial layer at depths of 0.3, 0.6, and 1.3 m below the ground surface. Fig. 6 shows the matric suction response to rainfall events at T2 and T5 locations. The initial matric suction was measured at the site on June 29, 2012 prior to the rainy season and varied from 75 to 85 kPa. After the rainfall began, the matric suction within the colluvium rapidly decreased to 0 and 10 kPa at depth of 0.3 m, whereas the matric suction gradually decreased to approximately 20 kPa at depths of 0.6 -1.3 m.
LANDSLIDE SIMULATION
FE mesh
A two-dimensional (2D) plane strain condition was created on the cross-section of the slope, which passed through the centre of the watershed (Fig. 3) . As previously mentioned, the landslides in the areas were initiated in the top of the mountain. The failure locations were confirmed by performing a preliminary study (Jeong and Kim, 2013) . Due to uncertainty in the boundary conditions, the geometry problem, and the time consuming problem, the typical FE mesh was simplified and concentrated on the upper portion of Mt. Umyeonsan. Fig. 7 shows the FE mesh for the selected slope and the nine-node quadrilateral mixed finite elements were adopted to capture the coupled water flow and soil deformation in the unsaturated soil. In the FE analysis, the model assumes that the soil consists of homogeneous colluvium, that the majority of slope failures occur at shallow depths, and that the underlying bedrock consists of homogeneous impermeable soft rock.
Model Parameters and Analysis Procedures
The initial groundwater table was assumed to be located at the bottom of the bedrock. The initial slope conditions were taken as hydrostatic with initial matric suction of 80 kPa obtained from field monitoring. For the coupled FE simulation, the colluvial soils were modelled as elasto-plastic modified Drucker-Prager model. Several soil properties related to unsaturated soil, such as the mechanical and hydraulic parameters, are summarized in Table 2 .
The rainfall data recorded at the Seocho station were used as the flux boundary conditions q (Fig. 2) , which is controlled at the surface of the slope. The total duration of rainfall from June 22 to July 27 was 850 hours (35.4 days) and was divided into several stages to simulate a realistic rainfall event. In addition, a nonponding boundary condition was adopted to prevent excessive accumulation of rainfall on the slope surface. The nodal flux Q of zero was applied along the sides and the bottom of the slope to simulate the no flow zone. Regarding the infiltration characteristics of the soil slope, a critical slip surface was evaluated to investigate slope instabilities and failure zones. Fig. 8 shows noncircular critical slip surfaces in the Raemian and Dukwooam slopes. The critical slip surface gradually deepens towards the bedrock with time during rainfall events. This result indicate that coupled hydromechanical FE analysis can simulate the progressive failure of the slope within the colluvium layer as rainwater infiltrates from the slope surface into deeper soil layers. The critical slip surface is consistently developed on the colluvium-bedrock interface at the end of the rainfall events, which shows good agreement with the actual failure zone.
For comparison purpose seepage and slope stability analyses were performed using SEEP/W and SLOPE/W. Fig. 9 shows the failure surface of the slope, which has the same material properties and boundary conditions with coupled hydro-mechanical FE model. The limit equilibrium analysis could predict the considerably different failure shape and overestimate the failure zone compared with those obtained from the coupled hydromechanical FE analysis. This is due to the fact that the limit equilibrium solution provides only one critical failure surface and does not consider stress history regarding the distribution of stress-strain in the slope due to rainfall event, whereas the coupled FE analysis repeatedly identified inflection points as a failure initiation. Korean Geotechnical Society (2011) performed the field investigation immediately after the landslides and reported that the landside size in Raemian watershed was approximately 50 m long and 30 m wide. In addition, an erosional response of the Raemian slope in Fig. 10 indicates that a weakened zone was formed in the colluvium, causing a noncircular-shaped sliding mass, mainly in the upper portion of slopes. Debris flows is initiated at the toe of sliding mass where multiple debris flows meet at the point of 50-55 m away from the top of the slope. The landslide length of 35 m and width of 20 m in Dukwooam watershed was also investigated using the same technique as applied in Raemian slope. Based on these results, the predicted failure surface obtained from coupled hydro-mechanical FE analysis show a better agreement with those obtained from field investigations and LiDAR survey as compared with the results of limit equilibrium analysis.
Elevation, m Fig. 11 shows the variations in the factor of safeties in the Raemian and Dukwooam slopes. The factor of safety for both slopes decreased with time, reaching their minimum values at the end of the rainfall events. The initial factor of safety for the Raemian slope is 1.78 during the driest period, which is larger than that of the Dukwooam slope (1.61) due to the different slope angles and soil depths. The factor of safety decreased significantly at the beginning of the rainfall events due to the effect of a reduction in matric suction. When rainwater infiltrated the soil layer, the matric suction decreased rapidly and factor of safety coincidentally decreased. The magnitude and the rate of decrease in factor of safety is also related to the rainfall intensity.
CONCLUSIONS
1) A coupled hydro-mechanical FE model for a deformable unsaturated soil describes the poromechanical behavior of a rainfall-induced landslide by simultaneously linking seepage and stress-deformation problems.
2) The failure surface was developed at the colluviumbedrock interface, which shows good agreement with the actual failure zone obtained from the results of field investigation. The noncircular critical slip surface gradually deepened with time during rainfall events. 3) Comparing results using existing commercial software (GEO-SLOPE, 2012), the coupled model is preferred to analyse the instability of unsaturated soil slope subjected to rainfall infiltration. Therefore, the coupled simulations can be used for detailed and realistic assessment of shallow landslides in mountainous areas. No rainfall
